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ABSTRACT
Context. It has been observed that low redshift early-type galaxies can be separated into slow and fast rotators according to a proxy of
specific stellar angular momentum, λRe , which is available only with integral field spectroscopy. There is a clear discontinuity between
the two classes which has been attributed to the existence of two distinct formation channels. Detailed studies of a handful of nearby
clusters have shown that slow rotators are generally found at the centres of clusters where the number density is highest, whereas the
fast rotators trace the trend followed by early-type galaxies of increasing in number with local density.
Aims. In this paper, we study the environmental distribution of slow and fast rotators using the stellar kinematics of about 3900
galaxies from the Sloan Digital Sky Survey’s Mapping Nearby Galaxies at Apache Point Observatory survey.
Methods. For galaxies in groups closer than z = 0.08 that are not observed with MaNGA but satisfy the necessary conditions for slow
rotators (M ≥ 2 × 1011M and  < 0.4), we visually assign slow/fast rotator classifications to obtain a complete sample. Our final
catalogue contains about 900 groups of five or more members.
Results. For this sample, we observe the kinematic morphology-density relation for each group and find an increasing fraction of
massive slow rotators with increasing number density. We provide evidence suggesting that the observed lack of trends in angular
momentum with environment at fixed stellar mass intervals is in part due to the fact that the maximum density varies between clusters,
and that in fact the locations of massive slow rotators are strongly correlated with the peak densities in galaxy groups and clusters.
Conclusions. We conclude that the (projected) number density relative to the cluster peak is more fundamental than the absolute
number density in influencing the abundance of slow rotators. We find that the kinematic morphology-density relation does exist at
fixed stellar mass, and we rule out the hypothesis that the kinematic morphology-density relation is a result of dynamical friction
alone, instead arguing that massive slow rotators grow hierarchically in tandem with their host clusters.
Key words. galaxies: clusters: general — galaxies: elliptical and lenticular, cD — galaxies: groups: general — galaxies: kinematics
and dynamics — galaxies: spiral
1. Introduction
It has long been understood that the optical morphology of
galaxies is related to their local environment (Hubble & Huma-
son 1931; Zwicky 1942; Sandage 1961; Oemler 1974; Melnick
& Sargent 1977). In a seminal paper, Dressler (1980) observed
the morphology and position of 6000 galaxies in 55 rich clusters
and showed for the first time that there is a fundamental corre-
lation between optical morphology and local projected number
density of galaxies. In particular, the spiral population dimin-
ishes with increasing local density whereas the fraction of early-
type galaxies (ETGs; ellipticals and S0s) increases with increas-
ing local density. This now classic morphology-density relation
has been shown to extend to sparser environments (Postman &
Geller 1984; Helsdon & Ponman 2003; Goto et al. 2003), and
it is found to be already established by z = 1 (Dressler et al.
1997; Postman et al. 2005; Smith et al. 2005). The morphology-
density relation is believed to be universal, although there is ev-
idence to suggest that the relationship between morphology and
? E-mail: mark.graham@physics.ox.ac.uk
clustercentric radius is a more fundamental relation (Whitmore
& Gilmore 1991; Whitmore et al. 1993).
Within ETGs, ellipticals are significantly more clustered than
S0s (Dressler 1980). In fact, the shallow increase in the S0 frac-
tion with increasing local density mirrors the decrease in the
spiral fraction suggesting that spirals are transformed into S0s
with increasing frequency as the local density increases. Vari-
ous mechanisms have been proposed to explain this transforma-
tion, including ram pressure stripping (e.g. Gunn & Gott 1972;
Abadi et al. 1999; van der Wel et al. 2010), harassment (Moore
et al. 1996), starvation/strangulation (Larson et al. 1980; Dekel
& Birnboim 2006) and tidal interactions (e.g. Park et al. 2007;
see Boselli & Gavazzi 2006 for a review on quenching mecha-
nisms of late type galaxies); although it is unclear which mech-
anisms dominate in groups (Smethurst et al. 2017) and clus-
ters (Taranu et al. 2014; Boselli et al. 2016). Mergers are also
thought to play a role, although galaxy interactions are more
likely to take place in groups rather than clusters (Martínez &
Muriel 2006a; Zabludoff & Mulchaey 1998; Hashimoto & Oem-
ler 2000; Wilman et al. 2005; Martínez & Muriel 2006b). There
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is plenty of evidence to suggest that some S0s are the product
of gas-rich (wet) major/minor mergers (Barnes 2002; Springel
& Hernquist 2005; Robertson et al. 2006; Hopkins et al. 2009;
Moster et al. 2011; Querejeta et al. 2015), as the gas is able to
dissipate kinetic energy while also conserving its mass and spe-
cific angular momentum. The process of dissipation encourages
disks to form (Fall & Efstathiou 1980; Abadi et al. 1990; Kor-
mendy & Bender 1996), as it tends to reduce the kinetic energy
in the direction parallel to the spin axis (Cappellari et al. 2007).
As a result of the development of integral field spectroscopy
(IFS), it has become clear that the S0/elliptical classification
of ETGs, which is intended to separate disks and spheroids,
is strongly affected by inclination, and in fact two-thirds of all
spheroids are actually misclassified face-on, axisymmetric disks
(Cappellari et al. 2011). A more robust classification is based
on the specific stellar angular momentum within one effective
radius, denoted λRe , which is obtained from observations of the
stellar kinematics made possible with IFS (Emsellem et al. 2007,
2011). A recent revision to the classification scheme defines
ETGs as slow rotators if they have low λRe as a result of highly
disordered stellar motions and appear round as quantified by the
ellipticity within 1Re,  ≡ 1 − b/a where a and b are the semi-
major and semi-minor axes respectively (C16). All other ETGs
(and all spirals) are classified as fast rotators which collectively
form a homogenous family of axisymmetric disk galaxies that
are supported by rotation and show a range of bulge-to-total ra-
tios (see C16 for a review).
In Graham et al. (2018), we used a sample of about 2300
galaxies with IFS data of all morphological types to show, with-
out any ambiguity, that fast and slow rotators form two distinct
galaxy populations separated by a clean break in angular mo-
mentum. They are not a single population within which ETGs
transition smoothly from fast to slow rotation. This dichotomy
is consistent with previous expectations based on much smaller
galaxy samples (C16). Fast and slow rotators are also distinct in
stellar mass and the orientation of the spin axis. SRs are gener-
ally massive whereas FRs appear at all masses (Cappellari 2013;
Graham et al. 2018). In FRs the spin axis is perpendicular to the
disk, but in SRs, the spin axis is randomly orientated (Krajnovic´
et al. 2008, 2011; Fogarty et al. 2015; Graham et al. 2018) as
a result of their triaxiality (Weijmans et al. 2014; Foster et al.
2017; Li et al. 2018b). The fact that fast and slow rotators form
a dichotomy in a number of properties suggests that they have
followed separate evolutionary channels.
The fact that the fast/slow classification is based on galaxy
structure prompted Cappellari et al. (2011) to update the clas-
sical morphology-density relation into a kinematic morphology-
density relation (hereafter kT-Σ relation), where ETGs are split
according to their angular momentum content. They used the pi-
oneering volume-limited ATLAS3D survey of 871 nearby galax-
ies (Cappellari et al. 2011) of all morphological types to study
the kT-Σ relation for the first time. The sample included the Virgo
cluster, which meant it was possible to compare galaxy popu-
lations across over four orders of magnitude in number density,
from the field to the dense core of Virgo. They found that the lin-
ear decrease of spirals mirrors the linear increase in fast rotator
ETGs, a result that is consistent with the classical morphology-
density relation (Dressler 1980). This linear trend breaks in-
side the core of Virgo (galaxy surface density of ∼ 200 Mpc−2),
where spirals dramatically decrease in number. Cappellari et al.
(2011) concluded that different processes act in the cluster core
to transform spirals into FRs, such as ram-pressure stripping
which strips the cold gas as well as prevents cold gas accretion.
On the other hand, SRs only appear in any significant frac-
tion in the density bin corresponding to the core of Virgo. Cap-
pellari et al. (2011) attributed this increase to the high frequency
of close encounters and minor mergers that galaxies now lying in
the centre of clusters undergo during their evolution, compared
to the field. A prerequisite for SR formation is that the merger
must be gas-poor i.e. a dry merger (Jesseit et al. 2009; Bois et al.
2010, 2011; Hoffman et al. 2010; Li et al. 2018a; Penoyre et al.
2017). In this scenario, dissipation is not possible as the system
is dominated by a collisionless stellar component.
The relics of dry mergers can be distinguished from other el-
liptical galaxies by the presence of a flux deficit in the nuclear
region of the surface brightness profile (Faber et al. 1997). This is
the reason why the fast/slow rotator dichotomy essentially traces
the separation between galaxies with a core and the rest (Fer-
rarese et al. 1994; Lauer et al. 1995, 2005; Kormendy et al. 2009)
as shown by Lauer (2012), Krajnovic´ et al. (2013) (page 23) and
Krajnovic´ (2019). Cores are thought to arise as a consequence
of a merger between two galaxies each containing a supermas-
sive black hole that sinks to the centre of the merger remnant via
dynamical friction to form a binary (Faber et al. 1997; Volonteri
et al. 2003; Trujillo et al. 2004). Successive three-body interac-
tions between stars and the resulting binary eject a stellar mass
roughly equivalent to the total mass of the binary (Ebisuzaki
et al. 1991; Milosavljevic´ & Merritt 2001). The angular size of
these cores is a small fraction compared to the galaxy and are
only resolvable with HST imaging (Crane et al. 1993; Lauer
et al. 1995; Faber et al. 1997). Fortunately, Cappellari (2013)
found that the stellar mass of genuine core SRs exceeds a criti-
cal stellar mass of Mcrit = 2 × 1011 M = 1011.3 M. Enforcing
this criterion allows one to remove “spurious” SRs, namely SRs
likely not formed through multiple dry mergers, like for example
2σ galaxies (see page 2 of Krajnovic´ et al. 2011) in large surveys
where HST imaging is not available.
Although massive SRs dominate in the centres of clusters,
they are not completely absent in the field. Cappellari (2013)
presented the mass-size relation for the ATLAS3D field sample
and found 10 examples of massive core SRs. Cappellari (2013)
suggested that they form in galaxy groups at high redshifts and
sink to the centre of the dark matter halo of the group via dy-
namical friction (Chandrasekhar 1943; White 1976; Kashlinsky
1986). These halos merge with other nearby halos in a hierarchi-
cal way (White & Rees 1978; White & Frenk 1991; De Lucia
et al. 2012). As the massive SRs are essentially at rest within
each subhalo and they have a large collisional cross-section,
they are able to merge on radial orbits (Ramírez & de Souza
1998; Boylan-Kolchin et al. 2006; Von Der Linden et al. 2007).
In contrast, the FRs and spirals have have lower masses, small
collisional cross-sections and higher relative velocities, and so
are much less likely to merge (C16). Hence, the track on the
mass-size relation followed by massive SRs is steeper (R ∝ M)
than for FRs, as they follow different evolutionary paths (C16,
Graham et al. 2018). Scott et al. (2014) note that this hierarchi-
cal scenario is more realistic than one where SRs are drawn to
the centres of clusters by dynamical friction alone. They showed
that for a mass-matched sample, SRs are more biased to denser
environments compared to FRs. If dynamical friction were in-
deed the cause, then we would expect SRs and FRs of similar
masses to follow the same distribution with respect to local den-
sity, given that dynamical friction is only a function of the stellar
mass and not the internal kinematic structure of galaxies.
Two challenging aspects of studying galaxy trends as a func-
tion of environment are that (1) environment has a similar effect
on galaxy properties as mass, and (2) many galaxy properties
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are driven by stellar mass. In fact, the two effects are separable
(Peng et al. 2010) and the classical morphology-density relation
has been observed at fixed stellar mass (Bamford et al. 2009).
However, the scarcity of massive SRs in a volume limited sam-
ple means that a similar study using the kinematic classification
scheme requires very large numbers of galaxies. Now, we are
in the era of massive IFS surveys. One of these is the SAMI
(Croom et al. 2012; Bryant et al. 2015) survey of 3000 galaxies
in the Southern hemisphere. SAMI has a dedicated cluster sam-
ple (Fogarty et al. 2014; Owers et al. 2017; Brough et al. 2017)
which makes it ideal for studying stellar kinematics of cluster
galaxies (Fogarty et al. 2015). The second IFS survey currently
in operation is the Mapping Nearby Galaxies at Apache Point
Observatory (MaNGA) survey (Bundy et al. 2015; see Smee
et al. 2013 for details about the spectrographs, Drory et al. 2015
for a complete description of the IFUs, Law et al. 2015 for de-
tails about the observing strategy and Yan et al. 2016a for details
about the flux calibration) based at the dedicated SDSS telescope
(Gunn et al. 2006) and operating as part of SDSS-IV (Blanton
et al. 2017). MaNGA aims to observe 10,000 galaxies with IFS
across six years (Yan et al. 2016b). Its unique selection function
allows it to observe many more massive galaxies than a volume
limited survey, thus making it ideal for studying diverse galaxy
populations (Wake et al. 2017). Another survey that is relevant
to this work is the MASSIVE survey (Ma et al. 2014) which
targets very massive galaxies (M & 1011.5 M) for a volume lim-
ited sample and is designed to complement the ATLAS3D survey
(M . 1011.5 M).
Three separate groups have studied the kT-Σ relation at fixed
stellar mass using data from the MaNGA (Greene et al. 2017),
SAMI (Brough et al. 2017) and MASSIVE (Veale et al. 2017)
surveys and they have found very little or no correlation be-
tween a galaxy’s angular momentum and the local galaxy den-
sity. These results have been corroborated by Choi et al. (2018),
who separated galaxies in the Horizon-AGN simulation by clus-
ter, groups and field and found very little trend in λRe with the
number density at fixed stellar mass. These results have been in-
terpreted as evidence that the kT-Σ relation is in fact driven by
segregation of stellar mass, whereby the most massive galaxies
sink to the centre of the potential well of galaxy groups and clus-
ters and so find themselves at the highest densities as a result of
their stellar mass (Brough et al. 2017). In actual fact, there is no
clear reason why such a trend should exist, because by only con-
sidering galaxies in a certain mass bin, the resulting subsample
is naturally restricted in terms of the environment. One possible
interpretation of these results is that dense environments are not
required to form slow rotators. This may seem to be in tension
with the results from nearby clusters, which clearly illustrates
that massive core SRs have a distinctly different spatial distri-
bution to FRs and spirals as a result of their evolution (Cappel-
lari 2013; D’Eugenio et al. 2013; Houghton et al. 2013; Scott
et al. 2014; Cappellari 2016). However, these two different ex-
planations for the distribution of massive SRs are not necessar-
ily inconsistent, as they merely represent two alternative ways of
assessing the environmental dependence of galaxy angular mo-
mentum (i.e. whether or not to fix the stellar mass).
It should be noted that Lee et al. (2018) studied the relation-
ship between galaxy spin and small- and large-scale environment
for a sample of ∼ 1500 − 1800 MaNGA galaxies. They found
that galaxy spin is insensitive to the large-scale environment as
probed by a background mass density of 20 nearby galaxies.
However, they found some evidence that λRe for late-type galax-
ies is sensitive to the distance to the nearest neighbour (small
scale environment), if the neighbours are early-type galaxies.
They suggest that their results indicate that hydrodynamical in-
teractions can play a part in reducing the spin of regular rotators.
However, they make no conclusions about the distribution of fast
and slow rotators with respect to their environment. Moreover,
? studied the relationship between environment and angular mo-
mentum for a sample of massive (log(M) & 11) FR and SR ETGs
but were unable to draw firm conclusions due to small number
statistics in each mass-environment bin.
Up until now, studies have fallen into two camps: detailed
studies of a few individual clusters with complete kinematic ob-
servations, including the Fornax, Coma and Virgo clusters, or
extensive studies with the MaNGA, SAMI and MASSIVE sur-
veys of many clusters each with incomplete kinematic classifica-
tions (although SAMI does have a cluster sample). In this paper,
we try to combine the strengths of both approaches by study-
ing many clusters, each with complete kinematic classifications
in order to gain valuable insight into the role of environment in
galaxy transformation and kinematic structure.
We base our analysis on stellar kinematics of about 4500
galaxies released as part of the MaNGA Product Launch 7
(MPL-7) internal data release. MaNGA is “agnostic” to envi-
ronment (see Smethurst et al. 2018), meaning that any selec-
tion in environment, if present, arises indirectly as a result of
the other selection criteria (for example stellar mass). MaNGA
does not target specific clusters, apart from one ancillary pro-
gramme (Gu et al. 2018), and so galaxies are selected from
multiple distinct groups. Hence, we do not have complete stel-
lar kinematic observations for any clusters which play host to
MaNGA galaxies. To overcome this, we have developed a novel
method to assign angular momentum classifications to all galax-
ies for which we do not have stellar kinematics, which we de-
scribe in detail in Graham et al. (2019a) (Paper II). As a re-
sult, we have a sample of about 14,000 galaxies in groups of
z ≤ 0.08 of which ∼ 98.8% have accurate angular momentum
classifications. These are galaxies which either (1) have stellar
kinematic observations, (2) do not satisfy the criteria for gen-
uine SRs (log(M) < 11.3 or  ≥ 0.4) and so by definition must
be FRs, or (3) have been visually classified as FRs with 94% ac-
curacy. The remaining ∼ 1.2% (about 200 galaxies) satisfy the
criteria for genuine SRs (log(M) ≥ 11.3 and  < 0.4) and have
been visually classified as SRs. However, for this specific case,
the classification is only accurate about half the time. This is
the largest sample of its kind and will provide the basis for the
in-depth study of angular momentum and environment that we
present here.
In Graham et al. (2019b) (Paper IV), we present schemat-
ics for ten clusters in our sample, highlighting the locations of
the massive SRs in particular. In Section 3, we study the envi-
ronmental properties of galaxies for all group sizes taken from
our catalogue. We also compare with previous works by attempt-
ing to reproduce their results using similar methodologies (Sec-
tion 4).
2. Methodology
The results presented in this paper rest on several methodologies
and conclusions outlined in the two previous papers. We now
summarise the content of these papers while preserving the log-
ical order of the key steps.
2.1. Companion works
1. In sec. 2 of Paper II, we addressed the incompleteness in the
NSA as a function of redshift by combining the NSA with the
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SDSS photometric catalogue. Upon visual inspection of the
photometric catalogue, we realised that the automatic imag-
ing pipeline does not offer complete accuracy even when the
recommended cleaning criteria of SDSS are applied. To im-
prove the sample of objects, we proposed empirical criteria
based on photometric criteria including five SDSS colours,
the error in photometric redshifts and the Petrosian radius in
the r-band, Rr,Petro. We demonstrated that the empirical crite-
ria are independent of the SDSS photometric flags and only
target genuinely suspicious objects, leaving the vast majority
of genuine galaxies alone.
2. As galaxies which are not in the NSA do not have stellar
mass estimates, we used dynamical masses from MaNGA
to fit a stellar mass-luminosity relation using the abso-
lute r-band magnitude Mr (Paper II). (Previously this had
been done with MKs from the Two-Micron All Sky Survey
(2MASS) Extended Source Catalogue (XSC) but not all ob-
jects in the SDSS photometric catalogue have 2MASS pho-
tometry.)
3. For each MaNGA galaxy, we define a cylinder with radius
10 comoving Mpc and height h = 2∆V km s−1 centred on
the MaNGA galaxy, where ∆V is specified between 300 and
3000 km s−1 based on the empirical position-velocity dis-
tribution of the local spectroscopic galaxies from the NSA.
Photometric galaxies can have redshift errors orders of mag-
nitude larger than the height of the cylinder and so photomet-
ric interlopers are highly likely.
4. To improve the selection by removing potential interlopers,
we make the physically motivated assumption that all neigh-
bours must have a luminosity Mr ≤ −18 (corresponding to
M ∼ 7.4 × 109 M) assuming they are at the redshift of the
MaNGA galaxy. Hence, background interlopers with a given
intrinsic luminosity at their most likely redshift will have a
lower intrinsic luminosity when they are “brought forward”
to the redshift of the MaNGA galaxy. We ignore the veloc-
ity cylinder in this step, although a galaxy could potentially
satisfy the luminosity cut at V > 0 but not V = 0 where V
is the velocity with respect to the MaNGA galaxy. However,
the chances of this happening are low and in any case, the
error in magnitude is likely to be larger than the difference in
the apparent magnitude of the luminosity cut between V = 0
and V = ∆V .
5. We run the local group finder TD-ENCLOSER presented in Pa-
per I on the surviving galaxies i.e. galaxies that lie within
the velocity cylinder and satisfy the luminosity cut. We treat
all surviving galaxies the same regardless of the uncertainty
on the redshift. We identify the set of neighbours that en-
closes the “host” MaNGA galaxy i.e. the galaxy at the cen-
tre of the velocity cylinder. We define this galaxy to be the
“host” galaxy of its set because its redshift defines the appar-
ent magnitude of the luminosity cut as well as the position
of the velocity cylinder. We use this terminology primarily
to differentiate this galaxy from other MaNGA galaxies that
may lie in the same set.
6. In Paper II, we describe how we construct the group cata-
logue which we use in this paper and introduce the environ-
mental parameters that we provide in the catalogue. These
are:
– N : Group richness, or number of members in a group.
– Σ3 (Σ10): Projected number density within a circle cen-
tred on a galaxy with a radius equal to the distance to the
third (tenth) nearest neighbour.
– Σrel3 : Relative projected number density compared to the
peak Σ3 within a group.
– Dcen: Projected distance from a galaxy to the central
galaxy of its enclosing group. The central galaxy is de-
fined as the galaxy closest to the peak of the density
field, and is unrelated to its mass (for example, it is not a
brightest cluster galaxy).
– Dnormcen : Projected distance from a galaxy to the central
galaxy of its enclosing group normalised by the 90th per-
centile of the group.
In Paper II, we define a redshift cut of z = 0.08 beyond which
we exclude galaxy groups from our science sample. Our pri-
mary motivation for introducing a cut is that the accuracy of
the groups decreases substantially as redshift increases due
to the incompleteness of the NSA. Groups above this red-
shift will be dominated by galaxies with photometric red-
shifts and so the confidence in any conclusions drawn from
a sample that includes these groups will be affected. We ac-
knowledge that the majority (∼ 57%) of confirmed SRs in
MaNGA are beyond this redshift as a result of the MaNGA
selection function, but the SR sample at z ≤ 0.08 is still large
enough to allow us to draw statistical conclusions.
7. A second motivation for limiting our final sample below
z = 0.08 is that we visually classify slow/fast rotator can-
didates for the subset of galaxies that could be genuine SRs
(i.e. log(M) ≥ 11.3 and  < 0.4). We base our classification
on the SDSS photometry, the quality of which depends on
redshift, by looking for certain morphological features such
as an extended stellar halo to identify SR candidates. As a
test, we guess the classifications for massive, round MaNGA
ETGs for which we have the correct answer, and we find that
given a guess of FR, we are correct in 92% of cases. This
is crucial for our conclusions as it suggests that we can rule
out galaxies that are definitely not SRs with almost complete
accuracy. In contrast, given a guess of SR, we only achieve
48% accuracy meaning that our misclassification is essen-
tially random: half of all galaxies we identify as SRs will be
confirmed as FRs if stellar kinematics become available. We
only identify SR/FR candidates for galaxies which are found
in our groups i.e we do not classify the surviving galaxies for
(iv) that do not lie in any of our groups.
8. In preparation for the science analysis in this section, we
identify sets which may be duplicates of the same intrinsic
groups. In Paper I, we present a simple algorithm which finds
all possible duplicates (or even sets which are linked by a
thread of MaNGA galaxies) and selects one or more repre-
sentative groups using a combination of group richness and
a random selector. We thus obtain a group catalogue where
each MaNGA galaxy appears only once, although there will
be many galaxies which are not in MaNGA that appear in
multiple groups.
3. Results
We start by updating the (λRe , ) diagram for about 4000 galaxies
in MPL-7. This sample is nearly twice as large than the one we
presented in G18. We then present the results from our complete
kinematic study.
3.1. Stellar angular momentum of about 4000 galaxies
We update the right hand side of fig. 5 in G18 for a sample of
4003 galaxies which we present in Fig. 1. We apply the correc-
tion introduced in appendix C of G18 to account for the effect on
λRe due to the atmospheric seeing. This correction was tested by
Harborne et al. (2019) on realistic galaxy models with a range of
Article number, page 4 of 18
M. T. Graham et al.: SDSS-IV MaNGA: Stellar angular momentum and environment
bulge-to-total mass ratios and Sersic indices and which are com-
pletely independent of the JAM models used to derive the cor-
rection. They generated 1425 simulated observations from their
models according to the SAMI specifications and measured λRe
for a range of seeing conditions. They found that the atmospheric
correction does a good job in recovering the intrinsic λRe with
no systematic deviations for a range of PSF widths (see their fig.
10). They also confirmed the level of scatter seen in fig. C4 of
G18 due to the inclination.
The upper envelope does not extend as high in Fig. 1 com-
pared to the right hand side of fig. 5 in G18. In short, the reason
for the discrepancy is because here we use a fixed value for the
correction required to obtain the astrophysical velocity disper-
sion, σcorr of 40 km s−1, whereas in G18, we use the value pro-
vided by the DAP, which has a median value of σcorr = 51km s−1
for MPL-5. We do not use σcorr provided for MPL-7 for the rea-
sons outlined below.
The DAP calculates σcorr as the average quadrature differ-
ence between the resolution vectors of the MILES templates
and the MaNGA spectra (see eq. 7 of Westfall et al. (2019)).
Briefly, the DAP fits pPXF (Cappellari & Emsellem 2004; Cap-
pellari 2017) to the MILES template and the galaxy spectra ob-
taining σ for both. The quadrature difference between R−2MaNGA
and R−2template where R = λ/∆λ is calculated for each wavelength
channel. All quadrature differences are summed and the sum is
multiplied by a factor proportional to the number of wavelength
channels fitted by pPXF. In this way, the average instrumental
resolution is taken across all wavelength channels. This method
was tested on galaxy models and real galaxies and was found
to be robust (Westfall, private communication). In MPL-5, the
instrumental resolution vector was taken to be a single num-
ber for MaNGA (σMaNGAinst ∼ 72 km s−1; Law et al. 2016), and
as σMILESinst ∼ 50 km s−1 (Sánchez-Blázquez et al. 2006; Falcón-
Barroso et al. 2011) for MILES, the MPL-5 correction took a
value of σMPL−5corr ≈ 52 km s−1.
Between MPL-5 and MPL-7, the resolution vector used by
the DAP for the calculation of the correction changed in order
to make the calculation more accurate. However, the median for
the MPL-7 correction, σMPL−7corr , is ∼ 33 km s−1 which is signif-
icantly smaller than the MPL-5 correction (the correction was
expected to change only by a few km s−1). If we use σMPL−7corr ,
then we find that the FRs do not fill the upper envelope as com-
pletely as is shown in Figure 1, only reaching λRe ≈ 0.85 (ex-
cluding a handful of outliers). Although we know that σMPL−5corr
is also not exactly equal to the true velocity dispersion correc-
tion (see Appendix B of Graham et al. 2018), we also know that
σMPL−7corr is not equal to the truth either. If we assume that the ex-
pected instrumental resolution of MPL-7 is 65 km s−1 (Belfiore,
private communication), then the expected correction for MPL-
7 is σMPL−7corr =
√
652 − 502 ∼ 40 km s−1. This value was in-
deed found by comparing the DAP derivation of the correction
to a “direct" calculation of the correction obtained by fitting the
MILES spectra to the MaNGA stellar library (MaStar; Yan et al.
2018) spectra (fig. 17 of Westfall et al. 2019). Hence, we choose
a fixed correction of 40 km s−1 which is somewhere in between
the MPL-5 and MPL-7 correction.
By using a correction that is smaller than the one from MPL-
5, we can neatly explain why we observe a lower FR envelope in
Fig. 1 compared to the right hand side of fig. 5 in G18. We can
also explain why we observe a peculiar gap between the magenta
line and the isotropic rotator line (green) in fig. 5 of G18. In G18,
we attribute this gap to the possible circularisation of the ellip-
ticity due to seeing or perhaps the larger distances in MaNGA
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Fig. 1: (λRe , ) diagram for about 4000 galaxies. We plot the
proxy for specific stellar angular momentum λRe and the elliptic-
ity  for 4003 galaxies in MPL-7. The lines and symbols are the
same as in fig. 5 of G18. All points outside the SR region have
been corrected for atmospheric seeing using eq. 5 of G18.
compared to ATLAS3D and CALIFA, which have better qual-
ity data. We now understand that λRe was overestimated due to
an overestimation of σcorr which was brought to our attention
with the development of the new, more robust correction. More
work has been done since the release of MPL-7 to understand
this complex issue. Regardless, these effects do not affect the re-
sults presented in Graham et al. (2018) regarding the detection
of the bimodality, as galaxies near the SR/FR boundary do not
have low velocity dispersion.
We only plot 4003 galaxies in Fig. 1, but there are 4597
galaxies in MPL-7. About 600 galaxies do not satisfy the quality
control criteria given in sec. 3.6 of G18 and so their λRe and/or 
are not deemed to be accurate enough to place on the (λRe , ) di-
agram. Many of these galaxies are mergers or have flagged kine-
matics for example. For these galaxies, we classify them as fast
or slow rotators using the method from Graham et al. (2019a)
as well as the stellar kinematics. Because we do have the stel-
lar kinematics for these galaxies, we do not consider them to
be affected by the misclassification bias because we have extra
information from the kinematics.
3.2. Results from a volume-limited sample of about 14000
galaxies
The MaNGA survey selection is agnostic to environment, mean-
ing that while the survey has no selection in environment, the flat
selection in stellar mass means that the number of dense envi-
ronments will be higher than for a volume limited sample. There
is nothing special about the groups in our catalogue, or in other
words, there is no reason why the galaxy groups contained in this
sample should be different from any other groups which do not
enclose any MaNGA galaxies (and therefore are not presented).
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3.2.1. F(SR) vs log(Σ3)
In Fig. 2, we present N vs log(Σ3) for 14093 galaxies. Each
point corresponds to a galaxy, but in places where the density
of blue points is too high, we simply draw a line. All the points
on the same horizontal line do not necessarily belong to the same
group; they simply share the same group richness N . Galaxies
are coloured red or salmon if they are SRs (MaNGA = C16 box
criterion, non-MaNGA = visual classification and  < 0.4) and
have a stellar mass greater than Mcrit. We separate SRs that lie
in groups of four or larger (red) from those that are either iso-
lated or lie in pairs or triplets (salmon). This is purely because
Σ3 includes galaxies from nearby groups when N ≤ 3, and so
there is a large shift in the log(Σ3) distribution between N = 3
and N = 4. (Later on we change the separation for a different
reason.) All other galaxies are coloured blue.
First, we consider the x-axis histogram in Fig. 2, namely
the kT-Σ relation for massive SRs. In all cases, F(SR) is de-
fined as the fraction of massive SRs compared to all galaxies
i.e. F(S R) = N(S R)/[N(S R) + N(FR)] where N(FR) is the num-
ber of galaxies which are not massive SRs i.e. are FRs or are less
massive than Mcrit but are classified as a SR with kinematics. In
general, F(SR) increases from ∼ 1% at low number density to
∼ 7% at high number density. We are close to the value of 4%
reported by Cappellari et al. (2011) for F(SR) in the field (com-
pared to all galaxies). For ETGs only, Houghton et al. (2013)
and Cappellari et al. (2011) find a fraction of 15% if the fraction
is defined as N(SR)/N(FR) (where FR does not include spirals).
We do not have access to Hubble morphologies for all galaxies
in our sample, and so cannot confirm this fraction. However, as
we are consistent with Cappellari et al. (2011) for all galaxies
(including spirals), we have every reason to agree with the 15%
fraction for ETGs in the field.
However, we can confidently rule out a fraction of 15% for
2 . log(Σ3) . 3 as was claimed by Houghton et al. (2013). We
can do this because spirals are nearly absent in this regime and
so we are essentially only considering ETGs (Cappellari et al.
2011). We also have very good number statistics with about 700
galaxies in each Σ3 bin. In Paper IV, we present schematics for
the most massive clusters in our sample. In some cases, we com-
bine clusters which are geographically adjacent, but in Fig. 2,
we keep them separate. The largest cluster in our sample is the
Coma cluster, which occupies the top line at N ≈ 500 in Fig. 2.
There are six massive SRs, only one of which is a candidate. The
total F(SR) for all galaxies in Coma is 1%, while for the highest
density bin, F(SR) is approximately 4/200 = 2%. The difference
between this fraction and the 15% fraction quoted by Houghton
et al. (2013) for all densities cannot be attributed to the fact
that Houghton et al. (2013) considered SRs of all masses, since
the number of (non dry merger relic) SRs below Mcrit is small.
Hence, we can confidently rule out a constant fraction F(SR) of
15% in clusters.
There is a small bump at log(Σ3) ≈ 0.3 corresponding to the
number density where theN ≤ 3 andN ≥ 4 overlap. Indeed, the
two coloured histograms should be considered separately. There
is a very weak trend for N ≤ 3 which implies that F(SR) for
isolated galaxies, galaxy pairs or triplets somehow depends on
the distance to the nearest galaxy or group. Assigning galaxies
to groups is not a solved problem. Our group-finder algorithm,
described in Paper I, clips outliers from the edge of groups which
then go on to form new, smaller groups. However, the number
density is unchanged and so we find a few small groups which
are close to nearby, denser groups. This artificially causes the
slight bump at log(Σ3) ≈ 0.3.
3.2.2. F(SR) vs N
We plot the fraction of massive SRs as a function of group rich-
ness N as a histogram along the y-axis in Fig. 2. The fraction
increases from 1% for isolated galaxies (comparable to the 2%
reported by Cappellari et al. 2011) to ∼ 6% for N ≈ 10 − 30.
Beyond N = 30, the fraction decreases to about 1 − 2% at
N ≈ 200 − 500. Each bin contains at least 500 galaxies and so
the measurement is of high accuracy. The fact that a peak exists
at intermediate N suggests that there is an optimal group size
where the process which facilitates the formation of SRs is at its
most efficient. There is a chance that the height of this peak is
more pronounced by virtue of the fact that our groups are not se-
lected at random, but are only in our study because they contain
MaNGA galaxies. Since the MaNGA galaxies are flat in stellar
mass, we may have more groups with SRs at a given N than
for a volume limited sample. However, as already discussed, the
groups themselves are not special in any way and so we are con-
fident that the peak is real.
3.2.3. F(SR) vs log(Σrel3 )
As discussed in sec. 3.4.1 of Paper II, the fraction of SRs at a
given log(Σ3) is not a constant, but can vary by up to about 33%.
We defined a new parameter Σrel3 which shifts all clusters to a
common baseline such that the galaxy at the peak density has a
value of log(Σrel3 ) = 0 Mpc
−2. Clearly, this does not make sense
for individual galaxies or galaxies in small groups, and so we
only calculate F(SR) as a function of log(Σrel3 ) for groups with
10 or more members as indicated in Fig. 3. There is a clear
difference between F(SR) as a function of log(Σrel3 ) compared
to log(Σ3). For the seven bins where log(Σrel3 ) & −0.5 Mpc−2,
F(SR) fluctuates between 5% and 10%. For all other bins, F(SR)
is less than 3% and for log(Σrel3 ) . −1 Mpc−2, the fraction is less
than about 1%. The striking variability in F(SR) above and below
Σrel3 ∼ −0.5 Mpc−2 reflects what we see by eye (see Paper IV). At
the locations of peak density in groups and clusters, the fraction
of galaxies that are massive SRs is a factor of 5-10 higher than
in regions which are underdense compared to the peak.
The red histogram (N ≥ 4) steadily increases from log(Σ3) ≈
0.1 up to the maximum number density, in agreement with previ-
ous results. The kT-Σ relation presented here is an upper limit, as
some of the galaxies we identify as SRs will inevitably be mis-
classified. However, another source of uncertainty to consider is
that due to the errors in ellipticity and λRe , although the latter
only applies to galaxies with λRe measurements. To simulate the
effect due to random errors, we randomly perturb  values for
all galaxies 100 times within an error ∆, which can be calcu-
lated from fig. 2 of G18 as 2.6 × 0.056/√2 ∼ 0.1. For MaNGA
galaxies only, we randomly perturb λRe within ∆λRe . For each
dataset, we select all galaxies that satisfy the SR criteria. Galax-
ies which lie close to the border of the SR region risk becom-
ing FRs and vice versa. The uncertainty in λRe due to random
noise in V, σ etc. is illustrated in fig. 29 of Yan et al. (2016b)
where ∆λRe is shown as a function of λRe . We fit the 2σ per-
centiles by eye to be ∆λRe = 0.02 + 0.08λRe . Clearly this breaks
down at λRe ∼ 1 as random errors will not push λRe above 1.
However, this is only a crude fit that needs only to be realistic
for low λRe values near the SR regime. We add an extra source
of error due to the beam smearing correction (see sec. 3.8 of
G18). The correction gives an upper limit to the true value of
λRe . We find that the mean error in the −λRe direction for MPL-5
is 0.03 (see table 2. of G18). Hence, our random error on λRe is
[+(0.02 + 0.08λRe ),−(0.05 + 0.08λRe )].
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Fig. 2: Kinematic morphology-density relation. We plot group richness N as a function of log Σ3 for all galaxies in our sample.
The y-axis is shown as a logarithmic scale for visual purposes. Each horizontal line corresponds to a single group richness. In the
lower half of the diagram, there will be multiple groups on a single line, whereas for the upper half, there will be between one to a
few groups on a single line. For 1 ≤ N ≤ 3, log(Σ3) necessarily includes galaxies which lie in the field or in nearby groups. Massive
SRs in these groups are coloured salmon, while massive SRs in groups of N ≥ 4 are coloured red. FRs are coloured blue and in
places where the density of blue points is too high, we instead show a thin line. The medians for the blue and red/salmon population
forN and log(Σ3) are shown as blue and red dashed lines respectively. We do not include isolated galaxies for the horizontal median
as there are roughly equal numbers of blue points just on the N = 1 line compared to N > 1. We also plot the F(SR) histograms
along both axes, with the salmon population separated from the red population.
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Fig. 3: Relative number density. The same as Fig. 2 except that the x-axis now shows the relative number density log(Σrel3 ). Unlike
Fig. 2, groups with N < 10 are distinguished from N ≥ 10. The histogram along the x-axis only considers groups with N ≥ 10
to avoid contamination from small groups and isolated galaxies. The red star shows the fraction for galaxies with log(Σrel3 ) = 0 andN ≥ 10.
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Fig. 4: Uncertainty in the kT-Σ relation. Left: In black, we plot the same relation seen in the upper histogram of Fig. 2. In dark
and light grey, we plot the inner 68th and 95th percentiles for the fractions in each bin from 100 perturbed samples (see the text).
Left: The black line is the same as left, and the black dotted line is the 50th percentile now assuming that 48% of the SR candidates
are misclassified and are therefore FRs. Again we show the 68th and 95th inner percentiles. Here we also include the errors shown
on the left hand side.
In the left hand side panel of Fig. 4, we show the uncertainty
in the kT-Σrel3 relation due to random measurement errors. For
galaxies not in MaNGA, we only consider errors in ellipticity,
assuming that the stellar mass and all visual classifications are
correct. (The way to simulate the errors in λRe for these galax-
ies would be to classify them as FRs or SRs with 100 indepen-
dent classifiers using Galaxy Zoo citizen scientists for example.
However, this visual classification is not accurate for SRs.) The
2σ error in F(SR) is less than 0.8% across all log(Σrel3 ). In the
right hand side panel of Fig. 4, we randomly assign 52% of all
candidate massive SRs to be FRs as well as calculate the mea-
surement errors as before. We recalculate F(SR) for each of the
100 iterations and find that as expected, F(SR) decreases when
we account for the misclassification. In the highest density bin,
F(SR) decreases by up to a factor of two which is unsurprising
considering that massive galaxies are mostly found at high den-
sities. Despite this uncertainty, we can still conclude that there
is a trend in F(SR) with log(Σrel3 ) with a factor ∼ 5 in variation
between the two density extremes.
3.2.4. F(SR) vs Dcen
There is a close relationship between log(Σrel3 ) and Dcen because
by definition, the density peaks are close to the centres of groups,
and the number density is on average expected to fall off with
radial distance from the centre. In Fig. 5, we plot F(SR) as a
function of the projected distance from the group centre, Dcen.
We find that for Dcen . 0.12 Mpc (the first two bins), F(SR) is
about 11-14%. The fraction drops dramatically beyond Dcen ∼
0.12 Mpc after which it settles at about 1% beyond Dcen ∼ 0.5
Mpc. This trend is even stronger than the one seen in Fig. 3 and
reveals that massive SRs are strongly biased towards the central
∼ 100 kpc of clusters.
3.2.5. F(SR) vs Dnormcen
Finally, we normalise the groups to the 90th percentile to bring
all groups to a comparable scale in terms of group radius (Fig. 6).
We find that the F(SR)-Dnormcen relation is less skewed but looks
similar overall to the Dcen relation from Fig. 5. Here we conclude
that within the inner 20% of the group/cluster radius, the fraction
of galaxies that are massive SRs is at least 8%. Outside the same
radius, the fraction is less than 4% for all bins.
3.3. Disentangling stellar mass and environment
Here, we examine the relationship between stellar mass and en-
vironment using our relative density estimator. In Fig. 7, we plot
F(SR) as a function of log(Σrel3 ) for intervals of fixed stellar mass.
Each bin in stellar mass contains about 200 galaxies, and each
density bin contains about 40 galaxies. We calculate the error in
F(SR) in the same way as in the right panel of Fig. 4 i.e. we in-
clude the misclassification bias. In all but one stellar mass bin,
we see in increase in F(SR) within about log(Σrel3 ) ≈ −0.5 Mpc−2.
Within the errors, the mass interval 11.5 ≤ log(M) < 11.66 does
not show a strong trend, but F(SR) at log(Σrel3 ) ≈ 0 is about a
factor of two greater than at log(Σrel3 ) ≈ −1.5 Mpc−2 for the same
mass bin. The increase in F(SR) with stellar mass is clearly visi-
Article number, page 8 of 18
M. T. Graham et al.: SDSS-IV MaNGA: Stellar angular momentum and environment
Projected Cluster-Centric Radius Dcen (Mpc)
Gr
ou
p 
ric
hn
es
s 
0.00.51.01.52.02.50
10
F(
SR
) (
%
)
SR & M > Mcrit & 10
05
F(SR) (%)
1
2
3
5
10
20
30
50
100
200
300
500
0.00.51.01.52.02.5
Fig. 5: Projected clustercentric distance. The same as Fig. 3 but now considering the projected comoving clustercentric distance.
The red star shows the fraction for galaxies with Dcen and N ≥ 10.
ble from the difference between the F(SR) profiles for each stel-
lar mass bin.
In Fig. 8, we plot the stellar mass distribution for SRs with
M ≥ Mcrit (red) as a function of environment (dotted, dashed
and solid curves). All other galaxies are contained within the
blue curves for the same environments. We find no significant
differences between the blue curves suggesting that the stellar
mass distribution of FRs and spirals doesn’t change as a func-
tion of environment. One clear difference is that the peak is more
defined for FRs and spirals in clusters compared to the field en-
vironment. On the other hand, there is a systematic shift in the
SR stellar mass distribution from the field towards the cluster
regime. This is consistent with the hierarchical formation sce-
nario where clusters are built up from the mergers of groups,
and in parallel the central SRs also build their stellar mass via
dry mergers (C16). It is less consistent with the hypothesis that
the massive SRs reach the cluster centres by dynamical friction
alone (see section 4) as there would not necessarily be a con-
nection between the mass of the BCG and the cluster under that
scenario. Note that Fig. 8 does not show that the frequency of
SRs is a result of the changing stellar mass distribution, as the
red curve is only for massive SRs in the first place. The only free
parameter in Fig. 8 is environment.
We do not attempt to produce the mass-size relation as a
function of environment as we do not have consistent radii across
all galaxies. For galaxies in the NSA, but not in MaNGA, we
only have Petrosian radii, whereas we measure Re directly from
the photometry (see G18). The SDSS Petrosian radii are numer-
ically similar to Re but are defined in a completely different way.
Moreover, there can easily be deblending issues in a dense clus-
ter environment and so the radii are not reliable in the regime
where we would require them to be accurate in order to observe
the steep trend seen in Cappellari (2013) and fig. 13 of G18.
At this point, we have not mentioned anything about possi-
ble edge effects where galaxies are close to the boundary of the
SDSS footprint (see Berlind et al. 2006 where the footprint was
much smaller). It is possible that if galaxies are close to the edge,
then a portion of its enclosing group could be missing from the
catalogue. To assess the frequency of such a scenario, we select
a random sample of 50,000 photometric objects that lie with a
square of width 10 Mpc centred on each MaNGA galaxy, re-
gardless of their redshift. We also select spectroscopic galaxies
within the box that lie within a velocity difference of ±3000 km
s−1 from each MaNGA galaxy. While the footprint is only well
traced by the photometric catalogue which comes from imaging,
the spectroscopic galaxies are useful to assess the local density
of the MaNGA galaxy. (This analysis is only approximate so
we don’t use the groups here.) We divide up the squares into
25 smaller squares each with sides 2 Mpc in length. We sim-
ply count the number of objects in each squares and count how
many squares have 5% or less of the maximum number of ob-
jects in any one square. If 5 or more squares are sufficiently un-
derpopulated, we visually inspect the footprint. We find about
200 MaNGA galaxies (∼ 5%) are close to the edge of the foot-
print. It is non-trivial to estimate what fraction of these galax-
ies are actually affected, since some will be in genuinely sparse
environments (about half of all MaNGA galaxies are isolated).
Nevertheless, we redo the figures presented in this section with-
out the groups enclosing these galaxies, and find that our con-
clusions are unchanged.
4. Comparison with other work
With the large sample that MaNGA provides, we are able to sep-
arate MaNGA galaxies into bins of stellar mass and still retain
sufficiently large numbers in each bin to detect meaningful sig-
nals which are not affected by random errors in environmental
parameters. We now use the MaNGA sample for which we have
λRe to make comparisons with the work of three other studies
which have claimed that once stellar mass has been accounted
for, there are no residual trends with either the angular momen-
tum proxy λRe or the fraction of slow rotators as a function of
environment. We have already provided clear evidence that Σ3
cannot be used to accurately predict the abundance of massive
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Fig. 6: Normalised projected clustercentric distance. The same as Fig. 5 except that projected distances are normalised to the
90th percentile. The red star shows the fraction for galaxies with Dnormcen and N ≥ 10.
SRs which is highly sensitive to the cluster morphology. Sim-
ilarly, the fraction of massive SRs is not a simple function of
group richness. While we do not necessarily have access to the
same datasets or parameters, we can nevertheless still make a
qualitative comparison in order to “test our machinery”.
We choose not to use the volume-weighted sample, which is
equivalent to a volume-limited survey, because massive SRs are
vastly outnumbered by FRs in such a sample. Moreover, large
weights are given to very unusual objects and so our statistics
will be dominated by these objects. The weights are defined in
terms of redshift, as galaxies which are observed at low redshifts
are upweighted and vice versa. However, as the MaNGA se-
lection function requires that galaxies of increasing luminosity
(and therefore stellar mass) are observed at higher redshifts, the
weights also depend on stellar mass. Hence, the range of pos-
sible weights is restricted for bins of fixed mass, and so for the
regime where genuine SRs exist, the effect of using the volume
weighted sample is in any case minimal.
4.1. Comparison with Veale et al. 2017
In Fig. 9, we aim to reproduce fig. 8 from Veale et al. (2017)
which was used to argue for the absence of strong trends in an-
gular momentum with three different environmental parameters.
We keep the same mass bins, simply for direct comparison, de-
spite the fact that the middle mass bin (10.9 < log(M∗) < 11.7)
straddles the critical mass above which SRs are dominant. This
implies that the Veale et al. (2017) sample includes some galax-
ies that are likely “spurious” SR, in the sense of not being dry
merger relics. Furthermore, the number counts are not equally
shared between these three stellar mass bins, which means that
the uncertainty is not the same for each bin.
We do not share any environmental parameters with Veale
et al. (2017). Instead of the halo mass, we use the group rich-
ness N as a proxy. In place of the luminosity density within
the 10th nearest neighbour, we use the projected surface density
within the 10th nearest neighbour, log(Σ10). We compare values
of log(Σ10) (units of Mpc−2) and log(ν10) (units of LK Mpc−3)
from table 2 of Cappellari et al. (2011) and find that they vary
almost linearly with reasonable amounts of scatter. We do not
have an equivalent for the overdensity δg, which measures envi-
ronmental density on large scales of a few Mpc and is related to
the halo mass (Veale et al. 2017). Instead, we swap δg for log(Σ3)
which is our local density estimator. However, this means that
the middle columns of our plots are not directly comparable, as
they probe completely different scales. For the three mass bins
(referred here as low-mass, intermediate-mass and high-mass
bins), we plot λRe as a function of the three environmental pa-
rameters (upper panels of Fig. 9). Although Veale et al. (2017)
calculated the mean for three environment bins (referred here
as low-density, intermediate-density and high-density bins), we
choose to calculate the median which is less affected by out-
liers. We also plot F(SR) for each bin in density and stellar mass
(lower panels of Fig. 9).
We fail to detect any strong trends in λRe as a function of
either of the three environmental parameters for the lowest mass
bin. However, for the intermediate mass bin, there is a visible
trend in that λRe decreases with environmental density. Perhaps
the strongest trend is seen in the median for the intermediate-
mass distribution as a function of log(Σ3). There is a similar trend
in the highest mass bin but it is slightly weaker. However, the
dominance of stellar mass is clearly visible, as the difference
between the median lines is much greater than the gradient of
the lines themselves. Each distribution is highly asymmetric and
the inner 1σ/2σ percentiles would be far from the median lines
if we were to show them. (For the sake of clarity, we omit these
lines.) As the slope of the gradients are upper limits, they would
be even weaker for a volume weighted sample.
There is a marked difference in the histograms of F(SR) as
a function of environment between the stellar mass bins (but not
between the three environmental parameters which show sim-
ilar distributions). First we consider the bottom left panels of
our Fig. 9 and fig. 8 of Veale et al. (2017). Our results show
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Fig. 7: F(SR) vs Σrel3 at fixed stellar mass. Left: Stellar mass distribution of SRs and FRs above Mcrit. Each bin has equal numbers
of galaxies. Right: For each bin shown at top, we plot the F(SR) as a function of log(Σrel3 ). We also show each relation including the
errors in λRe and  as well as accounting for the misclassification bias.
some general similarity. Veale et al. (2017) find an increase of
∼ 20% for F(SR) between the low-mass halos and high-mass
halos. In our data, we see a ∼ 30% for F(SR) for comparable
environments. For the intermediate- and low-mass bins, Veale
et al. (2017) find a constant F(SR) as a function of halo mass.
We agree for the lower-mass bin, and we find a slight increase
F(SR) as a function of halo mass for the intermediate mass bin.
Next, we consider the bottom right panels of both figures.
The trends for the high mass bin are not unlike those seen for
Mhalo, in that we see a ∼ 30% increase in F(SR) between bins of
low and high density, where Veale et al. (2017) see a ∼ 20% for a
similar regime. For the intermediate mass bin, we actually find a
shallower trend compared to Veale et al. (2017). Meanwhile, we
agree on the slightly decreasing trend for the lowest mass bin.
However, as previously mentioned, these are not the relics of
dry mergers but are low-mass galaxies that are slowly rotating.
Finally, we consider the middle bottom panel of Fig. 9. We
see a strong increase in F(SR) of ∼ 40% between the low and
high density (Σ3) bin. The trends for the intermediate- and low-
mass bins are similar to the Σ10 F(SR) histograms. The lack of
high-mass galaxies at log(Σ3) & 2 in MaNGA can be explained
as a result of the fact that there is an intrinsic maximum density
that massive galaxies which are large in radius can find them-
selves.
Overall, we find stronger increasing trends for F(SR) as a
function of environment for the highest mass bin compared to
those found by Veale et al. (2017). We conclude from Fig. 9 at
for massive galaxies, environment does influence the abundance
of dry merger relics (see Section 5).
The histograms are relatively unaffected by the volume
weighting because in fixed stellar mass bins, the weights will
not vary greatly. As a result, the net effect of switching to the
volume-weighted sample is that F(SR) decreases largely uni-
formly across all parameters by up to 20%. The trends them-
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Fig. 8: Stellar mass distributions as a function of environ-
ment. We plot probability distributions for massive SRs in red
and all other galaxies in blue. We split each population into envi-
ronment bins representing the field (dotted), group environments
(dashed) and clusters (solid). We truncate the blue curves below
the completeness limit of log(M) = 9.87.
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selves are preserved and so we would draw the same conclusions
for the volume-weighted MaNGA sample.
4.2. Comparison with Greene et al. 2017
Greene et al. (2017) studied the fraction of SRs in a sample of
538 ETGs (M ≥ 1010 M) taken from the MPL-5 sample as a
function of normalised cluster radius. They used the group cat-
alogue of Yang et al. (2007) based on SDSS DR7 that assigns
galaxies to groups using a friends-of-friends algorithm before
assigning a halo mass based on the total galaxy luminosity and
refining using an iterative procedure. Hence, they had estimates
for the virial radii of each cluster which we do not have. To make
a comparable study, we take the radius of each group to be the
90% percentile, as opposed to the maximum which may be af-
fected by outliers. Greene et al. (2017) used log(Σ5) which is
not identical but is tightly correlated with log(Σ3) which we use
here. In the top panels of Fig. 10, we show the fraction of SRs as
a function of Dnormcen (left) and log(Σ3) (right) for four subsamples:
All ETGs, all ETGs in groups with N ≥ 10, ETGs less massive
than Mcrit, and ETGs more massive than Mcrit. We note that we
use a different mass cut, and specifically we use Mcrit, which de-
fines the minimum mass of genuine dry-merger SRs and is more
physically motivated than the two used by Greene et al. (2017).
We find that F(SR) for the low mass sample is less than 10%
for all values of Dnormcen , but we stress that these are essentially
mis-classified SRs (such as face-on counter-rotating disks), so
their trend is not very meaningful. We show it simply to be
consistent with Greene et al. (2017). For the high mass sample,
the fraction increases from about 20% at the group boundary to
∼ 45% at the group centre. This is in clear contrast with that
shown in fig. 2 of Greene et al. (2017) where there is essen-
tially no trend with normalised group radius. Although we show
the relation for all galaxies in all groups, Dnormcen is essentially
meaningless for small groups (Dnormcen = 0 for isolated galaxies).
Hence, we also show the relation considering only groups with
10 or more members as in Fig. 6 etc. Unsurprisingly, this relation
lies between the low-mass and high-mass relation, and show an
increasing trend with decreasing Dnormcen . All the trends with D
norm
cen
become flatter with volume weighting (apart from the low-mass
trend which is already flat without volume weighting), with only
the high-mass bin retaining any noticeable trend.
There is a strong linear trend visible for the high mass sam-
ple where F(SR) increases from ∼ 15% to ∼ 50% for massive
MaNGA SRs between log(Σ3) ≈ −0.2 and log(Σ3) ≈ 2.2 Mpc−2.
This trend contrasts with that seen in fig. 1 of Greene et al. (2017)
where F(SR) is constant as a function of Σ5 within the errors.
log(Σ3) is restricted for N ≥ 10 (see Fig. 2), and here we do not
see any strong trend for all galaxies for these groups. However,
this is because high-mass galaxies are greatly outnumbered by
low-mass galaxies.
To check that we are not affected by the MaNGA selection
function, we plot F(SR) for the volume-limited sample using the
same selection criteria in the bottom two panels of (Fig. 10). We
find qualitatively the same result with a slight reduction in F(SR)
for the high mass sample.
4.3. Comparison with Brough et al. 2017
Finally, we carry out a comparable analysis to that shown in Fig.
11 of Brough et al. (2017) which looks at the mean deprojected
λRe for fixed density as a function of stellar mass, and at fixed
stellar mass as a function of density. The deprojection is achieved
by assuming that the demarcation line between FRs and SRs
used in Emsellem et al. (2011), λRe = 0.31
√
, approximately
separates ETGs by their intrinsic edge-on angular momentum.
λRe certainly should not be interpreted without knowledge of 
(as we have done in Section 4.1), but as more data have become
available, the demarcation line has been refined (see Fig. 1 and
C16). Furthermore, Brough et al. (2017) deproject SRs which
are not intrinsically axisymmetric and so the deprojection is not
meaningful for these galaxies. (Even if we observed all SRs
“edge-on” i.e.  ∼ 0.3 − 0.4, we would still observe low λRe .)
Finally, it is clear that deprojecting galaxies of low  and high
λRe using 1/
√
 will result in unphysical values (see Greene et al.
2017 and fig. 6 of Lee et al. 2018).
In Fig. 1, we plot how the edge-on (i = 90◦ ) theoretical (ma-
genta) line changes as a function of inclination (Binney 2005,
Cappellari et al. 2007, C16). We also plot lines which show how
a galaxy with a given (λintrRe , 
intr) at i = 90◦ moves across the
diagram as the inclination progresses towards face on (i = 0◦;
Cappellari et al. (2007)). We could use these lines to deproject
λRe and  to the intrinsic values for FRs. However, the inclina-
tion is generally undefined due to measurement errors in , and
measurement errors of ∼ 0.05 in λRe can easily change the depro-
jected λintrRe by a larger amount, especially at low . Finally, the
functional forms that predict the magenta line and its projections
are at a far higher precision than is generally required, especially
considering the measurement errors.
In light of this, we derive a simple empirical function that
can predict the deprojected value of λRe to within an accuracy
of about 0.05. For all SRs or galaxies with  ≥ 0.4, we assume
that the observed λRe is the edge-on one, and we do not correct
for any inclination effects. For FRs rounder than  = 0.4, we
calculate the edge-on, intrinsic λintrRe using an empirical correction
for inclination
λintrRe − λRe = 0.16exp
[
− (λRe − 0.4)
2
0.04
]
x + 0.2x2, (1)
where
x =
0.4 − 
0.4
, (2)
and  and λRe are the apparent ellipticity and beam corrected
stellar angular momentum parameter respectively.
Eq. (1) has two components on the right hand side. The first
component models the change in λRe as a function of  and λRe .
The form is a Gaussian which is scaled according to , and peaks
at λRe = 0.4, which is roughly where the inclination lines are at
their maximum gradient. The change is greatest at intermediate
λRe and falls off towards the two extremes of λRe = 0 and λRe =
1. When  = 0 and λRe = 0.4, the change in λRe due to this
component is simply 0.16. The second component, proportional
to x2, models the change in λRe as a function of , assuming that
the increase in λRe is proportional to the square of the fractional
distance x from  = 0.4 in the range 0 ≤  ≤ 0.4. In other words,
when  = 0 i.e. maximum distance from  = 0.4, the component
evaluates to 0.08, and when  = 0.4, the component evaluates to
zero.
We illustrate Eq. (1) in Fig. 11, where we plot the appar-
ent (λRe , ) and deprojected (λ
intr
Re
,  intr) for 15 mock galaxies. We
do not calculate  intr but simply match it with the value of λintrRe .
(We do this purely for illustration as we are not interested in ob-
taining  intr.) We can assess the performance of the inclination
correction by comparing the distance along the magenta line be-
tween each coloured square to its corresponding inclination track
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Fig. 9: Comparison with Veale et al. (2017). Top: We plot λRe as a function of log(N) (left), log(Σ3) (middle) and log(Σ10) (right).
As in fig. 8 of Veale et al. (2017), we split the sample into bins of stellar mass: 9.9 ≤ log(M) < 10.9 (green), 10.9 ≤ log(M) < 11.7
(olive) and 11.7 ≤ log(M) < 12.2 (red). For each environmental parameter, we plot the median λRe for bins of equal number. Bottom:
The same as above except for the fraction of SRs, fslow. We give the number of SRs and total galaxies in each bin.
(grey dashed lines). We find that the correction can predict λintrRe
to within about 0.05 which is sufficiently accurate for our pur-
poses. The function was calibrated using the 15 mock galaxies
shown, and so performs as intended when  ≥ 0.05. The accu-
racy will decrease below  ≥ 0.05 where small shifts in λRe or 
can would result in large shifts in the deprojected values, but we
expect the accuracy to still be within about 0.1 for this  range.
In the upper panel of Fig. 12, we plot log(λintrRe ) calculated us-
ing Eq. (1) as a function of stellar mass for the MaNGA sample.
We also plot the median and inner 1σ percentiles of log(λintrRe )
for the lower and upper log(Σ3) quartiles, shown as blue and red
lines respectively. For the low density bin, there is essentially no
trend in the intrinsic λRe as a function of stellar mass, which is
to be expected if there are by definition no environmental effects
for galaxies in regions of low density. We do not observe the dip
in log(λintrRe ) seen in the low density-high stellar mass bin in Veale
et al. (2017). This is simply because very few galaxies of masses
greater than the critical mass for SRs reside in low density envi-
ronments. We do confirm the sharp downward trend for the high
density bin at M ≈ Mcrit, which is the mass above which genuine
dry-mergers slow rotators start appearing (C16).
In the lower panel of the same figure, we plot log(λintrRe ) as
a function of log(Σ3) for the lower and upper quartiles in stel-
lar mass. We find no trend in the lower mass quartile as ex-
pected. However, we see a decrease in the median λintrRe for the
high mass bin as log(Σ3) increases. The distribution in log(λintrRe )
for this stellar mass quartile is highly asymmetric, however it
is clear that the frequency of galaxies with λRe ≈ 0.1 increases
with increasing Σ3 as evidenced by the distribution of the points
themselves. We have a larger sample than Brough et al. (2017)
and a robust estimate of Σ3 so we are able to reveal trends that
have previously been missed. Furthermore, we have a more ac-
curate inclination correction that does not overestimate λintrRe at
low . In retrospect, it would have been better to produce this
plot using Σrel3 instead of Σ3, as the red median line in the lower
panel of Fig. 12 would be stronger (compare Fig. 2 with Fig. 3).
However, we would have to reduce the sample size to groups
of 10 members or larger so we would have to compromise on
accuracy.
5. Discussion
The results presented in this paper allow us for the first time
to provide a fully consistent picture of different results on the
importance of environment in influencing the internal kinematics
of galaxies.
1. Our main conclusion is that the prevalence of massive SRs
is closely related to the density relative to the peak density
of their enclosing clusters, and is not predicted accurately by
the absolute galaxy surface density Σ3.
2. As a result of the previous point, combining multiple clusters
in a single kT-Σ relation effectively washes out the individual
F(SR) profiles that are clearly observed within clusters.
3. At fixed stellar mass, there is a dependence of F(SR) on the
environment as traced by Σrel3 .
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Fig. 10: Comparison with Greene et al. (2017). Top Left: F(SR) as a function of log(Σ3). We show trends for all galaxies (grey)
galaxies in groups of 10 or more members (black) and galaxies more and less massive than Mcrit (red and blue respectively) for
all group memberships. Each subsample is split up into five bins of equal numbers of galaxies. Top Right: F(SR) as a function of
Dnormcen normalised to the 90th percentile for MaNGA ETGs only. The stars correspond to the values at D
norm
cen = 0 for each subsample.
Bottom Left: As top left except for the complete volume-limited sample (all morphologies). As this sample contains SR candidates,
we randomly assign FR classifications to 52% of our SR candidates (dashed-red). Bottom Right: As top right except for the complete
sample (all morphologies).
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Fig. 11: Correcting for inclination. Illustration of our empiri-
cal inclination correction (Eq. (1)). The magenta, black and grey
dashed lines are the same as in Fig. 1. The coloured circles are
the apparent positions for 15 mock galaxies. The colours cor-
respond to a particular intrinsic  intr to guide the eye. For each
colour, three values of  are chosen as 0.05, 0.2 and 0.35, and
λRe is chosen so that the point lies on one of the 
intr inclination
tracks. The inclination corrected locations are shown as coloured
squares, and each pair of points is joined by a line of the same
colour. We do not calculate  intr but simply match up the cor-
responding value on the magenta line. The black shaded region
indicates the magnitude of the inclination correction at each po-
sition on the plane. The peak is centred at (λRe , ) = (0.4, 0), and
there is no correction for galaxies flatter than E4.
4. The mean of the stellar mass distribution for core SRs in-
creases from the field to group environments and on to clus-
ter environments. The same cannot be said for the mass dis-
tribution of FR ETGs and spirals.
Our results are fully consistent with the evolutionary picture
outlined in sec. 6 of C16. The BCGs of Coma and the other clus-
ters in our sample (see Paper IV) are strongly biased towards the
densest regions of each particular cluster which encloses them.
The fact that the mass of the BCG depends on the cluster rich-
ness suggests that the evolutionary history of the most massive
SRs is closely linked to the formation of their enclosing clus-
ters. When two clusters merge, the massive SRs also merge on
radial orbits and increase their mass and size dramatically. The
FRs (and spirals) are unlikely to merge due to their relative ve-
locities.
We observe a peak in the distribution of SRs as a function
of group richness. This presence of such a peak at intermedi-
ate richness is in agreement with the accepted view that galaxy
groups, rather than more massive clusters, are the most likely
environments for galaxy interactions to occur because the ve-
locity dispersion of the group is near that of the velocities of
the galaxies themselves (Martínez & Muriel 2006a; Zabludoff &
Mulchaey 1998; Hashimoto & Oemler 2000; Wilman et al. 2005;
Martínez & Muriel 2006b). Groups of 20 or 30 members are the
progenitors of the massive clusters, and as the SRs merge, their
frequency decreases.
We are able to reproduce the kT-Σ relation for SRs where in
general, the fraction of galaxies in bins of density that are mas-
sive SRs increases with increasing local number density (Fig. 2).
Our relation is the first to only count SRs if their stellar mass is
greater than log(M) = 11.3, which has been shown to effectively
separate genuine core SRs from galaxies that exhibit low angular
momentum for other reasons, such as slowly-rotating low-mass
irregular galaxies (Cappellari 2013; see fig. 13 of G18). The gen-
uine SRs are believed to be the true dry merger relics and would
show a core surface brightness profile (Krajnovic´ et al. 2013,
C16, Krajnovic´ 2019) if we had HST imaging for those galax-
ies. Thus, it is crucial that we do not include low mass SRs when
calculating F(SR), as they cannot have formed by dry mergers.
We find that F(SR) is only a weak function of Σ3, increas-
ing by at most only 5% across a decade of increasing number
density. In contrast, F(SR) jumps by about 15% between the
ATLAS3D field sample and the core of Virgo, although Cap-
pellari et al. (2011) did not specify a minimum critical mass to
define SRs. The difference between F(SR) as a function of Σ3
(Fig. 2) and F(SR) as a function of Σrel3 (Fig. 3) is striking. In gen-
eral, the massive SRs show a clear preference towards the dens-
est regions of their respective clusters, regardless of the group
richness. We have confirmed the hypothesis outlined in Paper II
regarding the fact that F(SR) profiles for individual clusters can
be smoothed out and flattened when combined with other clus-
ters. In fact, this effect is seen to be strong in our case as we have
hundreds of groups where the maximum local number density
between groups can vary considerably.
The peak in the F(SR)-log(Σrel3 ) relation appears to not be at
log(Σrel3 ) = 0 precisely, but is offset at about log(Σ
rel
3 ) = −0.2.
This is because the peak density is sometimes not at the most
massive ETG, or even at the group centre. In fact, very close
pairs between low-mass galaxies in dense environments can
mean that the galaxy at the precise peak density is largely un-
remarkable. As D3 approaches zero, log(Σrel3 ) ≡ log[3/(piD23)]
increases with increasing rapidity. This is the case for the most
massive clusters in our sample where the massive SRs are not
at the peak density. In fact, the distance between two galaxies
in a close pair can be smaller than the angular size of the most
massive ETGs. However, we find that this only affects the most
massive ETGs which are also the largest (see Figure 7), as more
lightweight SRs are smaller in size. Hence, the slight offset of
the peak seen in log(Σrel3 ) is likely an observational artifact. Fur-
thermore, as the clusters are projected, we would likely find that
the massive SRs are genuinely sitting at the peak density if we
were to view the cluster from all possible viewing angles.
As expected, Fig. 5 looks qualitatively similar to Fig. 3, given
that in some sense, Dcen is also a relative measurement (compar-
ing each galaxy with the central galaxy where Dcen = 0). In
fact, F(SR) as a function of Dcen is even more skewed towards
the minimum value than Σrel3 , suggesting that the projected dis-
tance is a better predictor of the abundance of massive SRs than
even Σrel3 . Indeed, the median distance for the massive SRs is
less than 0.2 Mpc compared with nearly 0.6 Mpc for the FRs.
Unlike friends-of-friends methods which choose the most lumi-
nous galaxy to be the centre of the group, our centre is taken as
the peak of the underlying galaxy distribution and so is indepen-
dent of the stellar mass. The fact that the peak is close to zero
indicates the robustness of the F(SR)-Dcen relation shown here.
In Section 3.3, we investigate the hypothesis that the kT-Σ
relation is a result of the changing stellar mass distribution with
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Fig. 12: Comparison with Brough et al. (2017). Top: Log of the inclination corrected λintrRe corrected using Eq. (1) as a function of
stellar mass for the MaNGA sample. The colours of the points correspond to log(Σ3) as shown in the colourbar. The red and blue
solid lines are the median log(λintrRe ) for the upper and lower 25th density percentiles. The lower and upper limits of the upper and
lower percentiles respectively are indicated in the colour bar by two solid black lines. For each density percentile, we indicate the
extent of the inner 1σ percentile of the distribution with dashed lines. Bottom: Same as above except that the independent variable
is the surface density and the colours indicate the stellar mass as shown in the colourbar.
environment by calculating F(SR) for bins of log(Σrel3 ) at fixed
stellar mass intervals (Fig. 7). We find that F(SR) generally in-
creases with relative density although each trend is not particu-
larly strong. However, the presence of such a trend again rules
out the scenario where SRs are at the cluster cores simply as a
result of dynamical friction. If dynamical friction were indeed
the cause, then we would expect the F(SR) profiles to be flat, as
dynamical friction is only dependent on the stellar mass (Scott
et al. 2014).
We also extend the analysis of Cappellari (2013) who com-
pared the mass-size distributions of SRs and FRs in the field and
in the Coma cluster. In Fig. 8, we compare the stellar mass dis-
tributions in the field, group and cluster environments for SRs
above Mcrit and all other galaxies. The systematic increase in the
SR stellar mass distribution from the field to the cluster supports
the hypothesis that clusters are built up in a hierarchical forma-
tion process from smaller groups, as this growth is mirrored in
the merging of SRs initially at rest at the centre of the subclus-
ter potentials (Cappellari 2016). The FRs do not experience the
same broad shift in stellar mass as they are less likely to merge
due to their high relative velocities within the cluster. If mas-
sive SRs grow by dry mergers during the hierarchical build-up of
groups and clusters, we should expect the probability of being a
SR to be closely linked to stellar mass, because galaxy mass can-
not disappear and all the stellar mass that was added to a galaxy
during its evolution will be easily detected observationally. We
would also expect a dependence on environment, but this trend
should be weaker because:
– Environment is more difficult to reliably measure empirically
and clusters/groups are not easy to define observationally.
– Galaxies move inside clusters, especially during merging of
groups, and do not simply sit still at the centre of clusters.
– A massive SR could have merged with perhaps all of its
nearby neighbours so that it would appear to be in a low-
density environment (or even isolated) in the present day.
Hence, galaxies that formed in a high density environment
may sometimes be observed in lower density ones at a later
stage of their evolution.
These three effects will act to wash out any environmental trend.
Overall, the trends with mass and environment we observe are
consistent with the overall picture described in C16. They are
also in excellent agreement with results from numerical simula-
tions (Choi et al. 2018).
In Section 4, we attempted to replicate the results published
by three independent studies on the effect of environment on
stellar angular momentum. All three studies account for the de-
generacy between stellar mass and environment by investigating
trends at fixed intervals of stellar mass. While there is nothing
wrong with this approach, the results can be open to interpreta-
tion, considering that the errors tend to increase when the sample
size is reduced. We do not suffer from this problem due to our
large sample size. Furthermore, the flat selection in stellar mass
is what allows us to sample a wide range in environment of over
four orders of magnitude in number density. Combining the clear
trends seen in Figure 9, Fig. 10 and Fig. 12, we conclude that the
fraction of SRs does increase with Σ3 at fixed mass, but that the
trends are only valid if the mass interval is above Mcrit. The most
robust trend is seen in the bottom left panel of Fig. 10 where we
show F(SR) as a function of Σ3 for massive galaxies in the com-
plete, volume-limited sample. The clear increase of F(SR) with
increasing local density is strong evidence that environment does
affect the likelihood of a galaxy being a SR. The trend is robust
against our misclassification bias.
It is difficult to quantify to what extent each of the effects dis-
cussed in this section contribute to the discrepancy between the
results presented in Section 4 compared to each respective com-
parison study. For example, it is unclear whether the “washing
out" of the kT-Σ relation in the comparison studies is wholly re-
sponsible for their lack of reported trends in angular momentum,
or if the definition of environment also plays a role (for exam-
ple using Σ5 versus Σ3). Certainly, our larger sample size and
careful catalogue construction give us confidence that the envi-
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ronment we obtain gives an accurate reflection of the true intrin-
sic environment of MaNGA galaxies and their neighbours. As
environment is comparatively difficult to measure reliably com-
pared to other quantities such as stellar mass, an apparent lack of
observed trends does not necessarily rule out such a trend exist-
ing, especially if the sample size is not sufficiently large to have
meaningful numbers of galaxies in each mass-environment bin.
6. Conclusions
We have presented results from the largest complete study of
galaxy angular momentum and environment to date. About one
third of our sample have MaNGA stellar kinematic observa-
tions, which itself represents the largest homogenous sample
with stellar kinematics (Fig. 1), and of the remaining two-thirds,
only about 2% have uncertain angular momentum classifica-
tions, meaning that the sample overall is robust.
As a starting point, we reproduce the kT-Σ relation by calcu-
lating the fraction of galaxies that are classified as SRs and are
more massive than a critical stellar mass of 2 × 1011 M, F(SR),
in bins of log(Σ3) where Σ3 is a projected local density estimator.
These galaxies are the relics of violent dry merger events expe-
rienced by their progenitors as a result of being embedded at the
centres of the most massive dark matter halos at the time of their
formation. Indeed, we see a clear trend where F(SR) increases
with increasing local density (Fig. 2).
In Paper II, we introduced a new parameter Σrel3 which is a
relative density estimator. Our motivation for defining a density
that is relative to the peak of the group or cluster is that the for-
mation of core SRs is inextricably linked to the formation of the
clusters themselves. The maximum density achieved in clusters
increases with the cluster richness (Fig. 2) and so the individual
F(SR) profiles for each cluster are smoothed out if combined into
a single kT-Σ relation as we have done in Fig. 2. We recalculate
F(SR) as a function of Σrel3 and find that the massive SR dis-
tribution is skewed more towards the peak densities rather than
simply high densities (Fig. 3). Hence, we find clear evidence that
core SRs, which are the relics of dry merger events and are se-
lected here to be above a critical stellar mass of 2× 1011 M, are
strongly biased towards the dense cores of clusters and groups.
This conclusion agrees with what we see by eye for individual
clusters (Paper IV) and is one of the key results from this work.
Because about a quarter of all SRs will be misclassified (see Pa-
per II), we check to see if the trend with Σrel3 remains after taking
this into account. We find that while the trend becomes weaker,
it does not disappear completely (Fig. 4). In total, the uncertainty
in F(SR) is less than about 1.5% due to measurement and classi-
fication errors.
We also investigate F(SR) as a function of distance to the
centre of the cluster (Fig. 5) and normalised cluster-centric ra-
dius (Fig. 6) for the complete sample and find stronger trends
than those based on Σ3 and Σrel3 . This may suggest that the dis-
tance to the group centre is a better predictor of the abundance
of massive SRs than density-based estimators.
As Σrel3 is a more fundamental parameter than Σ3, we inves-
tigate the hypothesis that the kT-Σrel relation is simply a result
of dynamical friction, where the most massive galaxies sink to
the bottom of the potential well due to their stellar mass. In
Fig. 7, we calculate the fraction of SRs in four bins of stellar
mass (M ≥ Mcrit) and find that in all bins, F(SR) increases with
increasing Σrel. The trend deviates from flatness within the er-
rors and so we can confidently rule out the dynamical friction
hypothesis. We also studied the stellar mass distribution of mas-
sive SRs and FRs as a function of group richness (proportional
to halo mass) in Fig. 8. If the large galaxy clusters are built up
from smaller groups as is predicted by hierarchical structure for-
mation, and if the present-day SRs were always at the centres of
the “building blocks", then we would expect to see an increase
in the stellar mass of massive SRs with increasing group rich-
ness. This is exactly what we see in Fig. 8 supporting the above
hypothesis. The FRs (including spirals) do not show a similar
increase which is consistent with the idea that they do not follow
the dry merger channel and are unlikely to merge in the cluster
environment.
Finally, we aim to reproduce the results of previous studies
that did not find a trend of angular momentum with environment
at fixed stellar mass (Section 4). We do find evidence for such
a trend, and because we have better statistics than the previous
studies did thanks to our large same size and completeness, we
are confident that these trends do exist. However, we are in some
cases limited by the fact that in order to investigate trends as a
function of λRe , we must restrict ourselves to the MaNGA sample
which is not a volume weighted sample. We could weight the
MaNGA sample by volume but this tends to amplify unusual
objects at the expense of massive SRs. However, we see evidence
for the same trends in the volume-weighted sample when we
simply consider F(SR), which of course is related to λRe .
Our analysis has focused on the relatively nearby Universe
(z ≤ 0.08) and so a natural extension to this work would be to tar-
get clusters at high redshift with the next generation of IFUs. Our
hypothesis suggests that the core SRs are formed at early times
and so the progenitor clusters of present day clusters should dis-
play similar morphologies to the ones in our sample. Filling in
these gaps will provide an important constraint on galaxy evolu-
tion models and the theory of slow rotator formation.
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